Abstract. The forging processes of gears, such as, helical and spiral bevel gears, are not symmetric but cyclic symmetric. Metal forming simulation software can utilize this cyclic symmetry to save CPU time and improve analysis. This paper presents such applications with MSC.SuperForm.
INTRODUCTION
Making gears with forging helps material grain flow to follow the configuration of the teeth. It increases the load bearing capacity of a gear without having to increase the tooth size. It also minimizes the effort of machining to produce the finished gear.
Metal forming simulation can be used in the process and tool design to check material flow, ensure the die filling and reduce material waste. In many cases, only a symmetric portion of the gear needs to be analyzed. However when forging gears, such as, helical, spiral bevel gear and sometimes direct gear, the gear geometry is not symmetric but cyclic symmetric.
FIGURE 1. Examples of Cyclic Symmetry Gears
Cyclic symmetry is observed when die, workpiece geometry, forces or boundary conditions are changed in a cyclic manner. In this situation, the material flow or deformation also behaves cyclically. Utilizing this feature in the metal forming simulation allows us to focus analysis on a small portion of the gear, thus save computational effort and improve accuracy of the analysis.
THE FINITE ELEMENT METHOD
The finite element method has been used in metal forming simulation for the last 30 years. The "flow formulation" or "rigid plastic" approach was studied by Zienkiewicz [1] and Kobayashi [2] in the early 1970s. The "solid" approach which considers the elastic effect in the material was published by McMeeking [3] . The two approaches, though different in methodologies and approximations, conclude with the solving of the following equations:
where K is the stiffness matrix, u the nodal incremental displacement or velocity vector and F the force vector. Equation (2) indicates typical displacement boundary constraints.
In the hot forging simulation, thermal mechanical coupled analysis is required. The heat transfer analysis is carried out in a stagger manner with the mechanical analysis as described by Rebelo and Kobayashi [4] . The following transient heat transfer equation is solved: where T is the nodal temperature vector and Q the heat source vector. A single-step time updating scheme can be employed to compute the rate of the nodal temperature as follows
where n denotes nth time step and ∆t the time step length.
Cyclic Symmetry Constraints
For the symmetric boundary constraints, Equation (2) can simply be defined as
where n denotes the surface normal direction. If the transformation matrix R is known, Equation (5) can be described in the normal direction in the global coordinate system,
FIGURE 2. Cyclic Symmetry Constraints
With the cyclic symmetric boundaries, the constraints are enforced on both sides as shown in Figure 2 , where
In Figure 2 , Point B equals Point A after rotating certain degree in Z direction. For every point on one side of the cyclic symmetric boundaries, one can always find a corresponding point on the other side. This means if we know the cyclic symmetry angle and its rotation axis, we can define any two sides of the cyclic symmetric boundaries. These two sides of the geometry are identical with a cyclic symmetry angle between them. If R is the transformation matrix with respect to the cyclic symmetry angle and its rotation axis, Equation (7) can be further expressed as
Equation (8) together with Equation (1) can then be solved. The rigid rotation mode can be suppressed by adding constraints with respect to the rotation axis.
If the finite element mesh does not provide the nodes exactly matched on both sides of the cyclic symmetric boundaries, a tying constraint will be added to the equations. In Figure 2 , if point B does not match point A but some point C between point A 1 and A 2 , then Equation (8) can be rewritten as 
Re-meshing Strategy
For most of the metal forming simulations, remeshing is required when Lagrange based finite element mesh gets too distorted. In gear forging, remeshing is important to ensure the successful simulation. In order to maintain correct cyclic symmetry after the re-meshing procedure, the following approaches can be adopted:
• Duplicate the new mesh nodes on the cyclic symmetry boundary surfaces
• Add constraints to enforce new mesh nodes to be generated within the cyclic symmetry surfaces
In the first approach, new mesh nodes are created firstly on one of the cyclic symmetric surfaces. The mesh on the second cyclic symmetric surface is then generated with rotation of the mesh from the first cyclic symmetric surface. The first approach guarantees that nodes on cyclic symmetry surfaces are exactly matched. This is possible in 2-D applications but can be difficult in 3-D applications. The second approach, which is used in this paper, projects the new mesh nodes to the cyclic symmetric surfaces defined based on the previous mesh. In the second approach, nodes that are not matched exactly on the other side of the symmetric surface are to be constrained as described in Equation (9) and (10). After every remeshing, the cyclic symmetric constraints will be checked and redefined based on the new mesh nodes.
EXAMPLES
The following examples demonstrate the gear forging simulation with the use of the cyclic symmetry constraints. The method is implemented in MSC.SuperForm, a commercial software product from MSC Software Corporation for metal forming simulation.
Direct Gear Forging -2-D Application
Based on the plane strain assumption, a direct gear forging with tapered punch and cyclic symmetric die profile is simulated (See Figure 4) . In the forging process, a tapered punch pushes the material to flow sideways and form the gear teeth.
The cyclic symmetric angle is 30 degrees. Only one of the 12 teeth is analyzed. Figure 4 shows the simulation steps and the expansion to the full view. One can see that the two curved cyclic symmetric boundaries match well with each other.
Comparisons are made between 30-degree symmetry, 90-degree symmetry and full analysis in Figure 5 , Figure 6 and Table 1. Figure 5 shows similar effective plastic strain contours between these different analysis runs. The flow lines are used to display the material flow. In Figure 6 , the flow lines are used in the full model to compare the material flow with the 30-degree cyclic symmetry model. One can see that the cyclic symmetric boundaries shown in Figure 4 match well with the flow lines from the full model analysis. In Table 1 , one can see that the CPU time saving is very significant. The analysis was performed on a P4 Dell computer with 3.0GHz clock speed. A speed up of 70 times is recorded from a 30-degree symmetry model. 
Helical Gear Forging -3-D Application
The total CPU time in simulation is about 1.5 hours on the same machine as in the previous example.
The CPU time saving can be even greater when 3-D gear forging simulation is performed using cyclic symmetry. Helical gear forging in this example ( Figure  7) would require a considerable amount of computational effort without using the cyclic symmetry.
There are 10 teeth in this helical gear simulation. A 36-degree cyclic symmetric angle is used. Tetrahedral elements and re-meshing are adopted in the simulation. 
Bevel Gear Forging -3-D Application
Producing this spiral bevel gear needs a hot forging process which in simulation requires a thermalmechanical coupled analysis. Just like in mechanical analysis, cyclic symmetry can also be applied to the thermal analysis. The nodal temperatures will be constrained in the same way as for the nodal displacement in Equation (10).
There are 40 teeth in this bevel gear. Simulation is performed on one single tooth (see Figure 9) . Temperature distribution is shown in Figure 10 together with its expanded view at the final step.
The total CPU time used in the simulation is 0.6 hours with about 15000 tetrahedral elements. This performance could not have been achieved without using the cyclic symmetry. 
REMARKS
forming simulation, especially the gear forging simulation as presented in this paper.
